Several wastewater treatment technologies were evaluated as alternative systems to the more traditional centralized continuous flow system to serve decentralized areas of the city of Rome (Italy). For instance, the following technologies were selected: (1) Constructed wetlands, (2) Membrane Biological Reactor, (3) Deep Shaft, (4) Sequencing Batch Reactor, and (5) Combined Filtration and UV-disinfection. Such systems were distinguished based on the limits they are potentially capable of accomplishing on the effluent. Consequently, the SBR and DS were grouped together for their capability to comply with the standards for the discharge into surface waters (according to the Italian D.Lgs. 152/06, Table 1 , All. 5), whereas the MBR and tertiary system (Filtration + UVc-disinfection) were considered together as they should be able to allow effluent discharge into soil (according to the Italian D.Lgs. 152/06, Table 4 , All. 5) and/or reuse (according to the Italian D.M. 185/03). Both groups of technologies were evaluated in comparison with the more common continuous flow treatment sequence consisting of a biological activated sludge tank followed by the secondary settlement, with final chlorination. CWs were studied separately as a solution for decentralized urban areas with limited population. After the analysis of the main technical features, an economical estimate was carried out taking into account the investment, operation and maintenance costs as a function of the plant's capacity. The analysis was based on real data provided by the Company who manages the entire water system of the City of Rome (Acea Ato 2 S.p.A.). A preliminary design of the treatment plants using some of the selected technologies was finally carried out.
INTRODUCTION
Traditional wastewater treatment technologies, such as those based on activated sludge, have been widely adopted in the last decades all over the world and also in Italy; therefore, their capabilities and operation are well known and offer high reliability. Nonetheless, they present some limitations which may reduce the advantages related to their adoption. For instance, continuous flow treatment systems usually may not represent the optimal solution for smaller urban centres. In these cases, the wide variability of the influent loadings and flowrates may negatively affect their treatment efficiency; besides, the construction, operation and maintenance costs may become remarkable.
For the existing wastewater treatment plants, depuration of increased volumes and/or compliance with more stringent effluent limits are often required. In these cases, the upgrading interventions on the traditional systems encounter difficulties due to their high footprint and the limited available spaces in the densely populated areas. doi: 10.2166/wst.2010.337 Furthermore, operation of the activated sludge systems is strongly conditioned by the management of the excess sludge, whose cost can account for about 50 -60% of the total expenses of the plant. Along with economical issues, The analysis aimed at evaluating the suitability of selected technologies, still rarely adopted in Italy, as alternatives to the continuous flow activated sludge system which is the most common treatment plant type. The study did intend to provide some useful data to the Company with respect to the different issues it has to address: for instance, more stringent requirements to be complied on the discharge, capacity of some existing plants to be increased due to the enlargement of urbanized areas, new plants to be built to serve new towns, sometimes decentralized with respect to the location of the main city. These issues often need to be coupled with limited available land areas. Therefore, on the base of the specific needs of the † limiting building and operation costs.
The MBR couples the biological process with the effluent filtration, avoiding the need of using the secondary settlement tank. This allows a significant increase of the solids within the system giving rise to the main following advantages: † opportunity to further increase the influent organic loading without the need of using higher hydraulic residence times; † longer cellular residence times, and consequently lower sludge productions; † improved quality of the effluent; † reduced land area requirements; † higher resistance to variations in the influent characteristics.
The SBR is referred to as a controlled unsteady state system since, differently from the continuous flow treatment reactors, allows to better control the unavoidable variations in the influent characteristics. In particular, these variations are exploited in order to establish selective pressures within the system which favor selection and enrichment of more robust and efficient microbial species. The other advantages of the SBRs widely reported, are: † higher operative flexibility; † active control of the bulking phenomena; † opportunity to check effluent quality before discharge.
With respect to the traditional activated sludge plants, the DS technology is characterized by higher biomass concentrations which allow to increase the treated organic loadings. Consequently, the reactor volumes can be appreciably reduced. Due to the reduced footprint, the DS may be particularly suitable in the cases of limited available spaces for either the upgrading or the construction of new plants. Besides, due to the better oxygen transfer in the mixed liquor, lower air flowrates can be used, with significant energy savings. The selected technologies were studied for their main technical and economical features, referring to real data and information provided by Acea Ato 2 S.p.A. based on its own experience. Additional data from other specialized companies operating in the water sector were also used.
The economical evaluation referred to the main investment, and operation and maintenance (O&M) costs, and compared data of the selected technologies with the costs of the traditional treatment scheme. Besides, the technologies were distinguished based on the limits they are potentially capable of accomplishing on the effluent. Consequently, the MBR and tertiary system (F þ UV) were considered together (Group 1) as they should be able to allow effluent discharge into soil (according to the Italian D.Lgs. 152/06, for their capability to comply with the standards for the discharge into surface waters (according to the Italian D.Lgs. 152/06, Table 1 , All. 5). The selected technologies were applied to some case-studies located in the Province of Rome and the preliminary design of two of them is presented at the end of the paper.
TECHNICAL AND ECONOMICAL ANALYSIS
The traditional treatment sequence made by the activated sludge tank (AS) followed by secondary settlement (SS) and chlorination (C) was used as a reference in the cost analysis of both groups, despite it is usually unable to comply with standards posed by D.M. 185/03. tanks of AS and SS, microfiltration unit and UV-disinfection unit in the F þ UV system; bioreactor and membrane modules in the MBR plant. The items being common to all the three configurations (e.g. the pumping station) were neglected in the analysis as well as the costs of the structures.
Construction costs
For the MBR system, the volume of the biological reactor was designed using the software ASCAM (Tomei & Ramadori 1999) ; it was then properly increased to take into account the membrane volumes. For the chlorination stage in the traditional scheme, the following items were included in the analysis: chlorine-dosing pump, residual chlorine meter, flowrate ultrasound-meter, automatic sampling device, chlorine storage tank, mechanical flowrate controller. The analysis was carried out in terms of cost per inhabitant (e/EI) and the following regression equations were obtained, where c refers to the cost per inhabitant.
For the traditional scheme:
For the tertiary system (F þ UV):
For the MBR system: Figure 1 shows the curves obtained by applying the above formulas; dots indicate the real data.
It can be noted that for small treatment capacities, the costs of the MBR and of the traditional scheme are comparables, whereas the costs of the tertiary system are appreciably above both solutions. At higher capacities, costs of the MBR plant increase mainly due to the purchase and installation costs of the membranes; at lower capacities, this effect is compensated by the saving arising from the elimination of both the secondary settlement and chlorination units. Due to the lower incidence of the installation costs, the tertiary system shows reducing overall construction costs as the treatment capacity increases.
Similar pattern is observed for the traditional scheme. It is noteworthy that intersection among the three regression curves occurs at about 5,000 EI. Therefore, this capacity can be assumed as the limit value below which the MBR becomes more convenient than the tertiary system to ensure compliance with standards set by D.M. 185/03.
Operation and maintenance costs
These costs were calculated taking into account the The expenses of operators were not taken into account in the evaluation since were considered to be comparables.
In particular, for the MBR technology the overall land requirement is usually lower due to both the reduced volume of the oxidation step and the absence of the secondary settlement tanks and the disinfection unit.
However, the presence of additional units such as filtration modules, permeate extraction and membrane washing systems, may yield an operators' commitment comparable to that of the other two solutions.
As far as the ordinary and extraordinary maintenance costs of the MBR are concerned, they accounted for about 3% of the total costs of the mechanical components (about 262,000 e more than the cost of the traditional scheme).
Consequently, a value of 7,860 e was obtained. For However, the amount of sludge to be dewatered in the traditional scheme is higher than that of the MBR plant, and consequently the corresponding costs (about 535 kgSS/d and 4,688 e/y, and 350 kgSS/d and 3,068 e/y, respectively).
A total saving of about 1,620 e/y is therefore obtained for the polyelectrolyte usage with the MBR. By summing the above savings, it can be concluded that the MBR requires a lower expense for chemicals of about 4,420 e/y with respect to the traditional scheme. For the tertiary system, the sludge dewatering cost is very similar to that of the traditional scheme. As far as the final sludge disposal is concerned, by assuming a 25% SS content and a cost of 100 e/Mg, due to the reduced sludge production a lower expense of about 30,300 e/y is obtained with the MBR as compared to both the traditional scheme and the tertiary system. Table 1 highlights a significant increase of the maintenance costs of the MBR plant as compared to the tertiary system; nonetheless, the cost per inhabitant in both cases remains quite low (about 1.48 e/EI and 0.20 e/EI, respectively).
Group 2: SBR, DS
In this case the traditional scheme was compared to: (1) SBR plant followed by chlorination, and (2) 
Construction costs
Similarly to the analysis performed for Group 1, the investment costs were estimated based on the construction costs of the following units: tanks of AS and SS in the traditional scheme; reactor in the SBR; reactor, flotation and SS tanks in the DS. The following regression equations were obtained, where c refers to the cost per inhabitant.
For the SBR:
For the DS:
Equation (5) was obtained by considering a cost of 90 e/m 3 for the reactor and also data from the literature. Figure 2 shows the regression curves obtained by applying the above equations; dots represent the real data. It can be noted that, for capacities below 5,000 EI, costs of the SBR enhance due to the purchase and installation of the control instrumentation. At increasing capacities, the SBR rapidly becomes more convenient than the traditional scheme and the DS technology.
Operation and maintenance costs
The SBR and DS technologies have not been applied yet at a full-scale by Acea Ato 2 S.p.A.; consequently, reliable data on their operation and maintenance costs are still lacking.
However, it was assumed that the difference among the three options was negligible since all of them can be easily automated.
Constructed wetlands
Wetlands were considered separately from the other technologies since they are usually applied in Italy to satisfy only limited applications, such as small communities or isolated houses, due to the requirement of relatively large land area (EPA 2000) . The total costs of CWs are mainly due to construction since maintenance is very low as compared to the traditional plants. Among the construction costs, the main items are represented by geomembranes and filling material, which can account for up to 40% of the total costs. 90,000 80,000 70,000 60,000 50,000 40,000 30,000 20,000 10,000 0~5 
UVc-disinfection
An economical comparison was carried out between UVc and chlorine as disinfecting agents for the effluent from the secondary treatment.
Construction costs
For both chlorination and UVc-disinfection, the estimate was carried out by taking into account the cost of the disinfection reactor and the channel, respectively, and of the required electromechanical equipments (e.g. the chlorine dosage pump, the residual chlorine meter, a flowratemeter, an automatic sampler, the chemical storage tanks).
The following regression equations were obtained. For chlorine disinfection:
For UVc-disinfection:
c ¼ 1019:9 £ EI 20:5246 ð8Þ Figure 3 shows the curves obtained by applying Equations (7) and (8) and the real data.
It can be noted that UVc-disinfection costs are always higher than those calculated for chlorination; however, the difference among the curves is not significant and tends to reduce with EI increasing. At high capacities, it is about 1 e/EI.
Operation and maintenance costs
Determination of the maintenance costs was carried out by taking into account chemicals for chlorination and electric energy for UV-c-disinfection. The cost of operation was assumed to be the same in both cases; besides, it was considered that disinfection is applied only from May to September, for about 3,672 h/y. Figure 4 shows the regression curves along with the real data obtained for both disinfection systems, expressed as e/EI (per year).
At increasing capacities, UVc-disinfection requires reducing expenses, whereas maintenance costs of chlorination do not vary appreciably. Nonetheless, the difference between the two systems tends to diminish and becomes very low at high capacities.
CASE-STUDIES
Application of some of the selected technologies to two case-studies is described below.
Constructed wetlands in Fonte Nuova
The site of Fonte Nuova is located in a decentralized area of the Province of Rome (Comune of Fonte Nuova). Despite the area is close to a natural reserve, however it hosts two illegal discharges. In the meanwhile a pumping station was built to deliver the discharges to the existing wastewater treatment plant, it was decided to provide a temporary solution through CWs Chlorination UVc 100,000 90,000 80,000 70,000 60,000 50,000 40,000 30,000 20,000 10,000 0 Equivalent inhabitants /El pre-treatment by screening, primary settlement and Imhoff tank followed by a sub-surface horizontal flow wetland plant. A final UVc-disinfection was also envisaged, to respect microbiological standards. Besides, part of the effluent was collected from the well following CWs and returned to the Imhoff, to increase treatment efficiency.
Design of the CWs was carried out based on the model of Kadlec & Knight (1996) , and referring to three different temperature values (12, 16 and 208C) . The results of the design step are shown in Table 2 The analysis showed that both the tertiary system and the MBR are capable of producing an effluent suitable to be reused according to the Italian D.M. 185/03. However, the investment costs of the MBR are higher than those of the traditional scheme, particularly at high capacities. The significant energy consumption makes O&M costs also to be remarkable. The tertiary treatment made by filtration and UVc-disinfection showed to become more convenient than chlorination above 5,000 EI. The O&M costs are higher as compared to the traditional scheme, but lower than those of the MBR.
The second group of selected technologies included the SBR and Deep Shaft. The former showed to be more The CWs confirmed to be the appropriate system for small and/or decentralized communities or as a temporary treatment solution.
The present paper can be seen as a preliminary database comprising information useful for the water managing Company to individuate the proper alternatives to address the different treatment issues. The economical analysis will be properly adjusted and integrated to fit the specific cases, since it lacks of important components, such as the cost of pumps, tubes, dig, etc., which may deeply affect the overall cost estimate and even drive to choose a different alternative. From this point of view, operation of the plants designed with the selected technologies will provide important data to implement the technical and economical analysis presented in this paper.
